Stimulated by the new discovery of Pc (4312) + by LHCb Collaboration, we endeavor to perform the study of Pc (4312) + as a ΣcD state in the framework of QCD sum rules. Taking into account the effect of factorization breaking, a conservative mass range 3.75 ∼ 5.48 GeV is presented for the ΣcD hadronic system, which agrees with the experimental data of Pc(4312) + and could support its interpretation as a ΣcD state.
I. INTRODUCTION
Very recently, LHCb Collaboration reported the discovery of a narrow state P c (4312)
+ with a statistical significance of 7.3σ in a data sample of Λ 0 b → J/ψpK − decays [1] . Moreover, P c (4450) + formerly announced by LHCb is confirmed and observed to consist of two narrow overlapping peaks, P c (4440)
+ and P c (4457) + . Soon after the LHCb's new observation, many works [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] have been promptly triggered. Among these new experimental results, the most exciting point should attribute to the freshly discovered P c (4312) + . After all, there already have existed plenty of researches on P c (4450)
+ [18] (one can also see a recent review e.g. [19] ). Besides, P c (4312)
+ is narrow and below the Σ + cD 0 threshold within a plausible hadron-hadron binding energy, hence it provides the strongest experimental evidence to date for the existence of a Σ cD bound state [1] . Meanwhile, some different opinion has also appeared in Ref. [16] , in which the authors could find evidence for the attractive effect of the Σ + cD 0 channel, however not strong enough to form a bound state and they infer that the P c (4312)
+ peak is more likely to be a virtual (unbound) state instead. Whether or no, to realize the nature of P c (4312) + , it certainly requires more theoretical scrutiny. In this work, we focus all our attention on the newly discovered P c (4312) + and would investigate the possibility of P c (4312)
+ being a Σ cD state, if the Σ cD state does exist. While studying a baryon-meson state, one inevitably has to confront and treat nonperturbative QCD problem. As one reliable method for evaluating nonperturbative effects, the QCD sum rule [20] is an analytic formalism firmly established on QCD theory and has been successfully applied to different hadronic systems [21] [22] [23] [24] [25] . As a matter of fact, there have appeared some related works on these P c hadrons basing on baryon-meson configuration QCD sum rules [2, [26] [27] [28] [29] . In QCD sum rule analysis, it is of great importance to carefully inspect both the OPE convergence and the pole dominance in order to ensure the extracted result authentic. In practice, one could note that some condensate may play an important role in some multiquark cases [30] [31] [32] [33] , which causes that it is of difficulty to find conventional work windows. Specially for the four-quark condensate, a general factorization= ̺2 has been hotly discussed [34, 35] , where ̺ is a constant, which may be equal to 1, to 2, or be smaller than 1. Moreover, there may be a poor quantitative control of the four-quark condensate owing to the violation of factorization parameter ̺ which could even be about 3 ∼ 4 [36] . This feature manifests that the error quoted in the final result without considering such a violation may be underestimated. Thereby, it is necessary to take into account the effect of factorization breaking. In order to uncover the inner structure of P c (4312) + , we devote to exploring the possibility of P c (4312) + as a Σ cD state via QCD sum rules paying more attention on the effect of different factorization. The rest paper is organized as follows. In Sec. II, P c (4312) + is studied as a Σ cD state through the QCD sum rule approach. Numerical analysis and discussions are given in Sec. III. The last part is a brief summary.
II. QCD SUM RULE STUDY OF Pc(4312)
+ AS A ΣcD STATE Mass sum rules for a Σ cD state can be derived from the two-point correlator
To represent the Σ cD state, one can construct its interpolating current j from baryon-meson type of fields adopting currents for the heavy baryon [37] and for the heavy meson [24] . Concretely, the current can be written as
Here q could be the light u or d quark, Q is the heavy quark, T means matrix transposition, C is the charge conjugation matrix, and a, b, c, and e are color indices. Note that a baryon-meson state in the real world is not a rigorous point particle in which the baryon and the meson could be parted away from each other. The current here and in most QCD sum rules are approximatively constructed local, which is virtually a limitation inherent in the QCD sum rule disposal of hadrons. Lorentz covariance implies that the two-point correlator (1) has the general form
In phenomenology, it can be expressed as
where M H is the hadron's mass, and λ H denotes the coupling of the current to the hadron 0|j|H = λ H u(p, s). In the OPE side, one can write the correlator as
where spectral densities are
, with i = 1, 2. After equating the two expressions, applying quark-hadron duality, and making a Borel transform, the sum rules are
and
where M 2 indicates the Borel parameter. Taking the derivative of Eq. (5) or (6) with respect to 1/M 2 and dividing the equation itself, one can obtain mass sum rules
In the deriving of spectral densities, one can utilize the similar techniques as Refs. e.g. [25, 38] . The heavy-quark propagator in momentum-space [24] can be used to keep the heavy-quark mass finite, and the correlator's light-quark part can be obtained in the coordinate space, which is then Fourier-transformed to the D dimension momentum space. The resulting light-quark part is combined with the heavy-quark part before it is dimensionally regularized at D = 4. As follows, we concretely present the spectral density ρ 2 deduced from Π 2 (q 2 ) and put it forward to further numerical analysis, with . Those condensates higher than dimension 8 are not involved here, as one could expect that kind of high dimension contributions may not radically influence the OPE's character [39, 40] .
III. NUMERICAL ANALYSIS AND DISCUSSIONS
In this part, we perform the numerical analysis of sum rule (8) [20, 22] . As mentioned in Sec. I, the factorization parameter ̺ could be 1, 2, or even 3 ∼ 4, at the start it is set to be 2 steering a middle course. According to a standard procedure, both the OPE convergence and the pole dominance should be considered to find appropriate work windows for the threshold √ s 0 and the Borel parameter: the lower bound of M 2 is gained by analyzing the OPE convergence, and the upper one is obtained by viewing that the pole contribution should be larger than QCD continuum contribution. Besides, √ s 0 characterizes the beginning of continuum states and should not be taken at will. It is correlated to the next excited state energy and empirically 400 ∼ 600 MeV above the eventual achieved value M H . In FIG. 1 , various OPE contributions are compared as a function of M 2 for the Σ cD state. Visually, there are three main condensate contributions could play an important role on the OPE side, i.e. the two-quark condensate, the mixed condensate gqσ · Gq , and the four-quark condensate2 . The direct consequence is that it is not easy to find the standard Borel window, in which the low dimension condensate contribution should be bigger than the high dimension one. To say the least, these main condensates could cancel each other out to some extent, which makes that the perturbative term still plays an important role on the total OPE contribution and the OPE's convergence could be under control at the relatively low value of M 2 , and thus the lower bound of M 2 is taken as 2.0 GeV 2 for this state. −0.39 GeV in a concise form. In the end, Combining all the above results for ̺ = 1, 2, and 3, one could give a conservative mass range 3.75 ∼ 5.48 GeV for the Σ cD state, which is consistent with the data of P c (4312) + and could support its explanation as a Σ cD state.
IV. SUMMARY
Motivated by LHCb's new discovery of P c (4312) + , we study that whether P c (4312) + could be a Σ cD state in QCD sum rules. In order to insure the quality of sum rule analysis, contributions of condensates up to dimension 8 have been computed to test the OPE convergence and the effect of different factorization of= ̺2 has been investigated. We find that some condensates, i.e. the two-quark condensate, the mixed condensate, and the four-quark condensate are of importance to the OPE side. Not bad, their main condensates could cancel each other out to some extent, which brings that the OPE convergence is still controllable. By combining those results from the factorization parameter ̺ = 1 ∼ 3, we finally obtain that a conservative mass range for Σ cD is 3.75 ∼ 5.48 GeV, which is in agreement with the experimental value of P c (4312)
+ . This result supports that P c (4312) + could be explained as a Σ cD state if the Σ cD state really exists.
In the future, one can expect that further experimental observations may shed more light on the nature of P c (4312) + and the inner structure of P c (4312) + could be further revealed by continual efforts in both experiment and theory.
